Abstract: Darwinian evolution has championed mechanistic models explaining the forces shaping species diversification. This principle however has been challenged by tantalizing observations in many organismal systems where selection seemed to have a minor role. One such a system is the case of endosymbiotic bacteria of insects that present evolutionary features only conceivable if stochastic variation over-weights selection. This is because these bacteria present proteomes with high rates of evolution that have driven the biological system to the edge of catastrophe error. In this review I discuss and demonstrate, based on recent emerging literature and other observations, that rather than a fact this stochasticity is only apparent. Most of the variation patterns can be explained if we introduce new variables in the equation that defines selection-drift balance such as translational robustness, functional divergence and epistasis. The main conclusion of this review is that, endosymbiotic bacterial proteomes have evolved an evolutionary complex proteome/interactome system robust to mutations.
INTRODUCTION
Darwinian view of evolution has revolutionized studies aimed at understanding adaptation and biological innovation. Ever since the publication of Darwin's work in the origin of Species (1957), a burgeoning research literature has examined a myriad of different biological systems to demonstrate the very basic principles of natural selection. In general terms, organisms evolve under strict and gradual purifying selection intermingled with bursts of punctually fixed advantageous mutations (Diversifying selection). Purifying selection removes functionally/structurally unstable mutations preserving therefore proteins' functions [1] . Darwinian diversifying selection on the other hand contributes to the emergence of new protein functions [2] . The neutral and nearly neutral theory of molecular evolution [3, 4] has complemented and provided the mathematical background to understand how mutations are fixed in proteins. An apparently counter-intuitive conclusion derived from these studies is that most of the mutations are neutrally fixed in proteins. The actual conception yielded by a plethora of analyses is that natural selection acts through three mechanisms whereby the majority of mutations are removed by selection because of their harmful effects on proteins. A very rare fraction of these mutations are fixed by adaptive evolution and the vast majority of these mutations are fixed neutrally by genetic drift. Much has been gained from these studies although challenges to Darwinian theories have led to heated debates about whether selection or drift is the responsible for the emerging biological complexity. The importance of natural selection as the central organizing principle of biology has been brought into question many times. For example, the evolutionary characteristics of the ubiquitous insect heritable symbiotic bacteria have posed a challenge to the universality *Address correspondence to this author at the Evolutionary Genetics and Bioinformatics Laboratory, Department of Genetics, University of Dublin, Trinity College, Dublin 2, Dublin, Ireland; Tel: +353 1 8963521; E-mail: faresm@tcd.ie of this principle. Endo-cellular symbiotic bacteria of insects that are housed in specialized cells formed during the ontogeny of the insect host [5] star this challenge. Due to their clonal and strict vertical transmission between host generations, these bacteria present small effective population sizes, reduced genomes, and AT positive bias [6] [7] [8] [9] . The universality of these characteristics among endo-cellular symbiotic bacteria of insects, have converged into the symbiosis syndrome that is mostly characterized by observations that has challenged the Darwinian selection view during the last decade.
CAN WE FIND DARWIN AMONG SYMBIONTS?
As mentioned above, primary symbiotic bacteria of insects, such as the intra-cellular symbiont of the aphid insect Buchnera aphidicola, are characterized by small effective population sizes owing to their vertical clonal transmission among host generations. Reduced effective population sizes have the effect of increasing the rate of fixation of slightly deleterious mutations in populations as a result of genetic drift. This has been observed to irreversibly occur in primary symbiotic bacteria of insects. In fact, comparison of the evolutionary rates of protein-coding genes between Buchnera aphidicola, the primary symbiotic bacterium of aphids, and their free-living relatives (Fig. 1A) shows greater accelerated evolution in endosymbionts (Fig. 1B) . The irreversible neutral fixation of mutations at these genomes has been interpreted to be an example of Muller's ratchet [7, 8, [10] [11] [12] [13] [14] . In theory, in small population sizes the chance to fix individuals with less mutations (for example, they reproduce less) is enhanced [15] and the mutations are then fixed in an irreversible manner [16, 17] . This effect has been a general trend in endosymbiotic bacteria of insects leading to an irreversible rampant increase of the genome mutational load. Increased fixation of slightly deleterious mutations in these bacteria has been shown to lead to low levels of intraspecific polymorphism [13, 18] , although high levels of inter-specific variation (Fig. 2) , and low stability of RNAs [19] Fig. (1) . Accelerated evolution in endosymbiotic bacteria of aphids. I compared protein evolutionary rates in Buchnera aphidicola, the primary symbiotic bacterium of aphids, between strains Acyrthosiphon pisum (B.ap) and Schizaphis graminum (B.sg), to those in their closest free-living cousins Escherichia coli (E.c) and Salmonella typhimurium (S.t) because they present similar divergence times [8, 81] 
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The pairwise non-synonymous substitutions was estimated by maximum-likelihood using Goldman and Yang model implemented in CODEML program from the PAML package version 4.0 [82] . The black continuous line and the two red dashed lines represent the confidence area in which there is no evidence for the difference in the evolutionary rates between the endosymbionts and the free-living bacteria. This graph is based on the analysis of 510 genes from B.ap and B.sg that present orthologs in Ec and St. This figure is adapted from analyses performed in a previous thesis [83] . Fig. (2) . Dynamics of Muller's ratchet in endosymbiotic bacteria. Slightly deleterious mutations accumulate in endosymbiotic bacteria of insects due to the bottlenecks to the effective population sizes during their intergenerational transmissions. This leads to an increased load of slightly deleterious mutations fixed by genetic drift while intra-specific polymorphism is drastically reduced. and of proteins [20] . Given these evidence it seems reasonable to assume that genetic drift has apparently led the evolution of this system and that little role for selection is expected. However, a stochastically drifting system is condemned to its demise unless selection is imposed in the biological systems resulting from the combination of both the insect host and the bacterium. The question remaining therefore is whether genetic drift is the leading evolutionary force of these bacteria or whether such simple genomes hide a complex dynamic of selective constraints difficult to highlight given the amount of stochastic evolutionary noise at these genomes. In favor of the hypothesis that genetic drift is acting is the fact that such genomes show extremely accelerated rates of evolution and drastic genome downsizing resulting from an apparent random gene non-functionalization and subsequent disintegration [6, 17, [21] [22] [23] [24] [25] . Few lines of evidence however unearth Darwinian characteristics among the apparent stochastic evolutionary noise and argue hence against random non-functionalization. For example, in spite of that many endosymbiotic genomes such as Buchnera, Wigglesworthia and Baumannia are reduced up to 20% of the ancestral free-living relative bacterium Escherichia coli [23, 26, 27] , most of the disintegrated genes represent a redundant pool of functions for the bacterium and the host [28] . Conversely, endosymbionts such as Buchnera have conserved genes from metabolic pathways essential for the host [29] . Most of these genes seem to have suffered little to no modifications since their ancestral origin, something that was striking after the early discovery in Buchnera of ratelimiting biosynthetic genes for tryptophan (trpEG, [30] ) and for leucine (leuABCD, [31] ) and the subsequent confirmation of the evolutionary stasis of these genes [32] [33] [34] . Moreover, genomes of obligate symbionts of insects present examples of modifications of an ancestral genome driven by the coadaptation with the insect host [35] . Although it becomes obvious that a balance exists between drift and selection, a mechanistic explanation is required in order to fully understand the detailed parametric properties of such balance.
GroEL: THE SENTINEL OF THE ENDOSYMBIOTIC PROTEOME
One of the most striking findings that accompanied the demonstration of the high evolutionary rates in Buchnera [7] was that the molecular chaperonin GroEL was overexpressed in most if not all of the intra-cellular symbiotic genomes [36] . GroEL is codified by the operon groE (mopBA) and is the best characterized chaperonin to date [37] [38] [39] . This chaperonin is specifically found in bacteria and eukaryotic organelles and presents great functional flexibility as it folds proteins with a wide range of sizes and intermediate folding stages [40, 41] . GroEL also has a remarkable ability to unfold and subsequently fold proteins into their native conformation [42] . This protein also constitutes up to 10% of the Buchnera proteome [36] . The fact that GroEL is able to suppress the destabilizing effects of temperature sensitive mutations [43] fuelled the hypothesis that GroEL may be the stabilizer of the endosymbionts proteomes. In an experimental simulation study where the free-living relative of many endosymbiotic bacteria, the proteobacterium Escherichia coli, was subjected to strong bottlenecks between generations, over-expression of GroEL permitted the almost total recovery of the fitness of highly compromised strains [44] . Rather than a particularity, this phenomenon seems to be the rule in bacteria presenting declined fitness due to protein-structure destabilizing mutations [45, 46] . Finally, the low number of slightly deleterious mutations fixed in GroEL [47] , the strong evidence for purifying selection as well as the fixation of advantageous mutations at amino acid sites of this chaperonin involved in protein folding [48, 49] support the important role of this protein in endosymbiotic cells. Is GroEL a realistic solution for the persistence of endosymbiotic genomes? Are there other mechanisms involved in the successful survival of these bacteria?
ADAPTIVE EVOLUTION IN ENDOSYMBIOTIC GENOMES
As discussed earlier, endosymbiotic genomes are subjected to strong AT enrichment and possible saturation of synonymous sites. Identifying selection using conventional methods (for example, the ratio between synonymous and non-synonymous substitution rates ) may become a challenging endeavor. This is mostly due to the fact that such methods are based upon the assumption of neutrality at synonymous sites and therefore violation of such assumption deems such approach inappropriate. In endosymbiotic bacteria the saturation in third codon positions due probably to nucleotide bias (for example, a high percentage of AT nucleotides) can lead to underestimates of synonymous nucleotide substitutions and hence to inflated . Synonymous sites can also be under selection [50, 51] , Moreover, in a recent manuscript authors have demonstrated that varying synonymous sites in a library of synthetic peptides that encode the green fluorescent protein GFP can influence gene expression [52] . All these lines of arguments in addition to the limited sensitivity of methods using to detect selection makes it convincing that indirect evidence may more likely indicate whether selection is ongoing in endosymbiotic bacterial genomes. Is there justifiable hope for identifying selection signatures in endosymbiotic bacterial genomes? The signals of selection in endosymbiotic bacteria could be easily confounded by genetic drift when we are at the species level. For instance, strong genetic drift effects due to population bottlenecks will dramatically increase the number of fixed mutations with slight fitness effects increasing hence the inter-species divergence. The challenge therefore comes from the possibility of identifying slightly advantageous mutations from those that are slightly disadvantageous. One possibility is the use of approaches that identify interaction relationships between mutations (epistasis). In any case, what is clear is that the pattern of genetic drift should affect the entire genome of endosymbionts while those under selection may pop out from the background mutational noise. As for linked selection signatures (for example, "hitchhiking", [53] ), these are only possible to identify if the neutral mutation rates varies because divergence levels between two species does not depend on the effective population size [54] (see also [55] for a comprehensive commentary on the subject). Given these difficulties, it may be interesting exploring other ways to identify signatures of selection. Preliminary analyses of proteins have recently provided the first clues although further analyses are a must to provide direct evidence of the quantitative action of selection in the evolution of complex biological systems.
SELECTION FOR TRANSLATIONAL ROBUSTNESS IN ENDOSYMBIOTIC PROTEOMES
Endo-cellular symbiotic bacteria of insects are characterized by high fixation rates of slightly deleterious mutations, which mainly have protein structure destabilizing effects [20] . Continuous fixation of slightly deleterious mutations would eventually lead to genome wide non-functionalization, erosion and subsequent extinction of the biological system [14, [56] [57] [58] . The fact that actual genomes have successfully survived for tens to hundreds of millions of years challenges this outcome [59] . Other factors, either extrinsic, intrinsic or both, may therefore be keeping a stable equilibrium between drift and selection in this system. For instance, resistance to AT enrichment [60] and purifying selection in Buchnera aphidicola [61] strongly point to a slow down of Muller's ratchet. Several researchers sought to identify signals of factors counteracting genetic drift effects. Drummond and colleagues contributed to the explanation of variations in the rates of protein evolution by demonstrating that such variation is correlated with the robustness of protein structures to mistranslation errors [62] . They showed that highly expressed proteins evolve faster because their structures are more resistant to unfolding or misfolding caused by the accumulation of mistranslation errors. Using this hypothesis, Toft and Fares tested whether selection favored proteins robust to structure destabilizing mutations fixed by genetic drift in the four fully sequenced genomes of Buchnera aphidicola strains Acyrthosiphon pisum (B.ap), Schizaphis graminum (B.sg), Baizongia pistaciae (B.bp) and Cinara cedri (B.cc) [63] . Their main findings support the hypothesis that translational robustness was indeed a driving force of endosymbiotic proteome evolution. Further, selection for translational robustness seemed to be correlated with genome downsizing and with essential functional categories. This pinpointed the idea that, in contrast to the general thought, Buchnera genomes are highly stable or at least they evolve towards minimizing their genome sizes to contain robust protein structures essential for intra-cellular survival [63] . It is worth mentioning that, despite the tendency of endosymbiotic proteomes to evolve toward having protein structures highly robust to mistranslation errors, these proteins may always wander at the edge of structure stability because this property is essential for protein evolvability. This is specially true for globular proteins that have shown a tendency to be marginally stable [64] . This has been further addressed by other researchers showing that in fact such property can be adaptively convenient since it provides proteins by the plasticity to develop new functions [65] , which would support a further explanation for the possibility of functional divergence in endosymbiotic proteomes [66] .
Intra-cellular symbiosis involved a revolution of life on earth and has been regarded as the main fuel of biological innovation and species diversity [67] [68] [69] . This process is a complex evolutionary phenomenon because the metabolisms of two biological systems with differing complexities fuse into one. Complex and rapid changes at the genome, proteome and metabolome levels may have therefore accompanied the symbiosis of the eukaryotic insect host and their prokaryotic bacteria. What are the molecular changes occurred and what type of selective forces shape these changes remain a matter of discussion. Nonetheless, advances have been made that aid us in understanding the complexity underlying the endosymbiotic events.
WIDE-GENOME FUNCTIONAL DIVERGENCE IN ENDOSYMBIOTIC BACTERIA OF INSECTS
In most evolutionary studies, it is assumed that selective constraints on proteins are invariable through evolution. However, there are several scenarios under which changes in selective constraints may occur. Gene duplication is the most prominent case [70] [71] [72] [73] [74] [75] [76] [77] [78] , although many other cases may lead to such outcome, including a change in the lifestyle of organisms. Symbiosis of proteobacteria with insects is a striking case of a revolutionized change in the lifestyle of a freeliving bacterium to an intra-cellular dependent one. This change is dramatic because the bacterium no longer depend on the environmental conditions to acquire its products and metabolites and consequently not all the genes for such endeavors are needed any longer in the enclosed stable cellular environment they inhabit. There are two well-characterized genome scale changes in endosymbiotic bacteria resulting from the intra-cellular life, including loss of redundant genes and accelerated rates of evolution. It is however expected that many changes in protein functions may have accompanied symbiosis stemming from the need for coupling the metabolic requirements of the host and the bacterium. Changes in protein functions are possible through changes in the selective constraints operating on these proteins (Functional divergence). A recent study has shown that indeed functional divergence has been fundamental to ensure the metabolic crosstalk of the endosymbiotic bacteria of aphids and carpenter ants with their insect hosts [66] . This functional divergence seems to have only affected the metabolic genes strictly involved in supplementing the host's diet deficient in essential amino acids of the insect hosts. Interestingly, genes affected by functional divergence varied depending on the ecological requirements of the host further demonstrating the metabolic link between insect and bacterium.
A MODEL FOR THE SURVIVAL OF ENDOSYMBI-OTIC BACTERIA OF INSECTS
In the previous sections and throughout this review I show that endosymbiotic bacteria of insects undergo fixation of slightly deleterious mutations by genetic drift. Most of these mutations are expected to have destabilizing effects on protein's structures due to the stochastic nature of mutagenesis. Several mechanisms have had to evolve in these bacteria that may have ablated the demise of endosymbiotic lineages. In this review I propose translational robustness as a main mechanism intrinsic to the endosymbiotic proteome that may slow the Muller's ratchet. Nonetheless other mechanisms may have been involved to ultimately maintain equilibrium between destabilizing mutations while keeping a minimum genomic information, making these bacteria always wonder at the edge of error catastrophe. An elegant and simple mechanism is the accumulation of intra-protein and interprotein compensatory mutations (antagonistic epistatic mutations). We need two types of mutations, inter-and intraprotein mutations to stabilize the biological system. First, mutations at the surface of proteins may force correlated fixation of structure surface mutations in interacting protein partners, keeping thereby protein-protein interfaces stable. This inter-protein antagonistic epistasis should be more dramatic with genome downsizing due to the reduced gene (functional) redundancy. Indeed, a previous study demonstrated that epistasis correlates with genome complexity [79] . Second, mutations within the protein structure require compensatory mutations nearby in the structure to maintain this structure stable while providing the evolutionary opportunity for the fixation of novel functional mutations necessary to adapt the bacterium to the host. It has been shown that functional divergence may have been a key event in the metabolic communication between the insect host and the bacterium. This means that the endosymbiotic genome has accumulated mutations that led to the functional divergence of a set of proteins involved in the interaction between the two biological systems. However, functionally innovative mutations are usually structurally destabilizing and therefore compensatory intra-molecular mutations may have been paramount for the stability of the functionally divergent proteins.
This line of argument leads consequently to a simple model to explain the persistence of endosymbiotic bacteria despite the effects of Muller's ratchet (Fig. 3) . In this model there are two non-mutually exclusive steps for the adaptation and metabolic marriage of insects and their endosymbiotic bacteria. First, the parasitic infection of the insect by a bacterium may have derived into an advantage due to a change in the ecological conditions so that the cost of holding a bacterium may have been largely compensated by the ability acquired by the host as a result of the infection to colonize new environments. This direct transition may have entrenched the host into a direct dependence on the bacterium for its survival. Consequently, insects with specialized cells with rich and stable environments housing symbiotic bacteria may have been selectively advantageous. With the strict addiction of symbiotic bacteria to stable intra-cellular environments, many of the genes essential for extra-cellular life and metabolites search became redundant. The population genetics dynamics of the bacterium meant that slightly deleterious mutations became fixed in symbiotic genomes at higher rates in non-essential genes than in essential genes. Some of these mutations became positively selected because they provided advantage to the host and the bacterium. Redundant genes became rapidly non-functionalized and subsequently disintegrated leading to highly streamlined genomes. The deregulation of the chaperonin GroEL and the possible accumulation of compensatory mutations counteracted the fitness decline of these bacteria as a result of the progressive accumulation of mutations and loss of repair genes [29, 80] . Moreover, this compensatory event led to two main processes, including the functional divergence of genes and the emergence and fixation of mutations conferring structural robustness to proteins. In sum, the successful survival of endosymbiotic bacteria is a striking example of Darwinian selection hidden in complex evolutionary patterns resulting from the instability in the equilibrium between selection and drift.
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